Khoretonenko MV, Brunson JL, Senchenkov E, Leskov IL, Marks CR, Stokes KY. Platelets, acting in part via P-selectin, mediate cytomegalovirus-induced microvascular dysfunction. Am J Physiol Heart Circ Physiol 307: H1745-H1753, 2014. First published October 17, 2014 doi:10.1152/ajpheart.00201.2014 infects a majority of the population worldwide. It has been implicated in cardiovascular disease, induces microvascular dysfunction, and synergizes with hypercholesterolemia to promote leukocyte and platelet recruitment in venules. Although platelets and plateletassociated P-selectin contribute to cardiovascular disease inflammation, their role in CMV-induced vascular responses is unknown. We assessed the role of platelets in CMV-induced microvascular dysfunction by depleting platelets and developing bone marrow chimeric mice deficient in platelet P-selectin. Wild-type and chimeric mice received mock or murine (m)CMV intraperitoneally. Five weeks later, some mice were switched to a high-cholesterol diet (HC) to investigate the synergism between mCMV and HC. Arteriolar vasodilation and recruitment of leukocytes and donor platelets in venules were measured at 11wk. mCMV with or without HC caused significant endothelial dysfunction in arterioles. Platelet depletion restored normal vasodilation in mCMV-HC but not mCMV-ND mice, whereas protection was seen in both groups for platelet P-selectin chimeras. Only mCMV ϩ HC elevated leukocyte and platelet recruitment in venules. Leukocyte adhesion was reduced to mock levels by acute platelet depletion but was only partially decreased in platelet P-selectin chimeras. Platelets from mCMV-HC mice and, to a lesser extent, mCMV-ND but not mock-HC mice showed significant adhesion in mCMV-HC recipients. Our findings implicate a role for platelets, acting through P-selectin, in CMV-induced arteriolar dysfunction and suggest that the addition of HC leads to a platelet-dependent, inflammatory infiltrate that is only partly platelet P-selectin dependent. CMV appeared to have a stronger activating influence than HC on platelets and may represent an additional therapeutic target in vulnerable patients.
platelets; arteriolar dilation; leukocyte adhesion; hypercholesterolemia; microvasculature CARDIOVASCULAR DISEASE is the leading cause of death in the United States, regardless of sex or race. Endothelial dysfunction is an early response to risk factors such as hypercholesterolemia, diabetes, and hypertension (8, 28) . More recently, pathogens that have a high prevalence in the population have also been implicated in cardiovascular disease (5, 9, (15) (16) (17) 19) . One such pathogen, human cytomegalovirus (CMV), infects 60 -100% of the population and establishes a lifelong persistent infection. It can reduce endothelial nitric oxide release, upregulate adhesion molecules on vascular endothelium, and promote leukocyte-endothelium adhesion (4, 7, 12, 14, 20, 34, 36, 45) , all key events in the pathogenesis of cardiovascular disease. The microvasculature becomes dysfunctional in response to cardiovascular risk factors long before clinical symptoms appear, which can enhance the vulnerability of an organ to subsequent ischemic events (25, 26, 29, 37) . We have previously shown in a murine model that murine (m)CMV impairs endothelium-dependent vasodilation responses in arterioles (22) . Furthermore, because a majority of individuals with "traditional" cardiovascular risk factors are CMV positive, we tested whether this virus can synergize with hypercholesterolemia, and we found that, together, these factors promote a proinflammatory and prothrombogenic phenotype in postcapillary venules at timepoints when neither would alone. While it has been demonstrated that platelets participate in hypercholesterolemia-induced arteriolar dysfunction and leukocyte recruitment (38) , whether platelets have a role in CMV-induced responses remains unclear and was the focus of the present study.
Platelets can interact with other cell types, including leukocytes and endothelial cells, via cell surface adhesion molecules such as glycoprotein IIb/IIIa, glycoprotein Ib, and P-selectin (24, 35, 41) . The cross-linking of these molecules leads to intracellular signaling that can activate both platelets and nearby cells through the release of factors such as superoxide, chemokines, and cytokines. In this way, platelets can actively participate in inflammatory responses and endothelial dysfunction in response to many stimuli (35, 40) . Although primary CMV infection has been associated with thrombotic events in patients (3, 13, 27) and can induce platelet adhesion to the infected endothelium in cell culture (31) , little is known about the contribution of platelets to vascular events induced during persistent infection. We have previously shown a role for P-selectin in mCMV-induced arteriolar dysfunction as well as the leukocyte adhesion seen in hypercholesterolemic mCMV-infected mice (33) . Although we did not determine whether this was platelet-derived P-selectin (vs. endothelial P-selectin), we were able to show that platelets used their own P-selectin to adhere to the postcapillary venule wall in mice exposed to both mCMV and hypercholesterolemia, supporting such a possibility.
In the present study, we used a platelet depletion approach to first test the role of platelets in mCMV-induced arteriolar dysfunction as well as in arteriolar and venular responses to mCMV plus high cholesterol (HC). We then determined whether platelets were acting via their own P-selectin to promote these microvascular events using chimeric mice that did not express P-selectin on platelets but retained endothelial P-selectin. To determine whether mCMV or HC was the primary driver of the thrombogenic phenotype, we also tested the recruitment of platelets isolated from mice exposed to a single risk factor and infused into recipients exposed to both mCMV and HC and vice versa.
MATERIALS AND METHODS

Animals.
Wild-type (WT) C57BL/6J mice, B6.SJL-Ptprc a Pepc b / BoyJ mice (CD45 congenic WT mice), and B6.129S7-Selp tm1Bay /J (P-sel Ϫ/Ϫ ) mice (on a C57BL/6J background) were obtained from Jackson Laboratories (Bar Harbor, ME). Mice (3-5 wk old) were injected with mock inoculum or 3 ϫ 10 4 plaque-forming units of mCMV [Smith strain, prepared as previously described (22)]. After 5 wk, mice were either maintained on normal diet (ND) or placed on a cholesterol-enriched diet (HC; Teklad 94059 containing 1.25% cholesterol and 15.8% fat, Harlan Teklad, Madison, WI). Intravital microscopy was performed at 11 wk postinfection (with or without 6-wk HC). Separate groups of mCMV-infected mice received 125 l/kg rabbit anti-mouse thrombocyte antiserum to deplete platelets [anti-platelet serum (APS); Accurate Chemicals, Westbury, NY] or rabbit serum (RS) as a control in saline vehicle intraperitoneally 24 h before observation of the microvasculature. The dose was based on previous work and has been shown to not significantly alter leukocyte counts (38) . n ϭ 9 -14 for all groups. Animal handling procedures were approved by the Louisana State University Health Institutional Animal Care and Use Committee and were in accordance with guidelines of the American Physiological Society.
Bone marrow chimera generation. Two combinations of chimeras were made as previously described (42) . WT ¡ WT chimeras were irradiated CD45 congenic WT mice that received bone marrow cells from WT animals, maintaining P-selectin expression. P-sel Ϫ/Ϫ ¡ WT chimeras, with P-selectin-deficient hematopoietic cells (or more specifically, platelets) but normal vascular wall P-selectin expression, were generated by transplanting bone marrow from a P-sel Ϫ/Ϫ mouse into an irradiated CD45 congenic mouse. In both cases, this resulted in a significant increase of circulating leukocytes expressing CD45.2 (of donor origin), from Ͻ5% in congenic mice to Ͼ90% in chimeric mice, allowing verification of proper chimera reconstitution by flow cytometry, as previously described. Once confirmed, chimeric mice were exposed to the infection and diet protocol described above.
Intravital microscopy. At 11 wk postinfection, mice were anesthetized with ketamine hydrochloride (150 mg/kg body wt ip) and xylazine (7.5 mg/kg body wt ip). Core body temperature was maintained at 35 Ϯ 0.5°C. Intravital microscopy on the cremaster muscle was used to measure leukocyte rolling, adhesion, and emigration and, where indicated, adhesion of exogenous platelets in postcapillary venules. In some groups, venule observation of leukocytes was followed by the assessment of arteriolar vasodilation responses to ACh (endothelium dependent) and papaverine (endothelium independent), as previously described (22, 38) . Rolling leukocytes were identified as leukocytes moving slower than red blood cells, and both the flux (numbers of leukocytes rolling past the section midpoint per minute) and average velocity (in m/s) were calculated. A leukocyte was defined as adherent if it remained stationary for Ն30 s (expressed as numbers of leukocytes/mm 2 vessel wall) and was measured throughout the 1-min observation period. Leukocyte emigration was measured online at the end of each observation period and was expressed as numbers of leukocytes per millimeter squared of the interstitium based on the count per field of view adjacent to the segment under observation.
Once the venule data had been collected, arterioles were chosen for the assessment of vasodilation responses. Arteriolar vasodilation responses to 10 Ϫ5 M ACh were recorded. These were expressed as percent diameter changes versus baseline. Arteriolar diameters were then allowed to return to baseline with bicarbonate-buffered saline superfusion before papaverine was applied to test for maximal endothelium-independent vasodilation. Arterioles that were not responsive to 10 Ϫ4 M papaverine were excluded from the study. Data were collected from 1-3 arterioles/mouse (second to fourth order) with baseline diameters of 15-40 m. In separate groups of mice, arteriolar responses to a dose range of ACh (10 Ϫ7 -10 Ϫ3 M) were collected, and vasodilation responses to 10 Ϫ4 M sodium nitroprusside were also determined. Venular data were not collected in these mice.
In some groups, platelets were isolated from donors that were matched or mismatched to the recipients in terms of infection and diet. They were isolated by a series of centrifugation steps and fluorescently labeled using carboxyfluorescein succinimidyl ester, and 10 8 platelets were infused via the jugular vein into recipients as previously described (11) . Venules were chosen for 1-min recordings as described above for leukocytes. Platelets were considered adherent if they stopped for Ն2 s, and platelet adhesion was expressed as numbers of platelets per millimeter squared of the vessel wall. No arteriole measurements were obtained from mice that received mismatched platelets.
Serum cholesterol levels. Serum was frozen for subsequent measurements of cholesterol levels using a spectrophotometric assay (Sigma Chemicals, St. Louis, MO).
Circulating platelet counts. A sample of blood was obtained from the tail to determine the circulating platelet count before APS or rabbit serum was injected as well as 24 h later before the experiment was performed. Blood was diluted in ammonium oxalate, and platelets were counted with the aid of a hemocytometer.
Virus interaction with platelets. To test whether mCMV may exert its effect on platelets through a direct interaction, platelets were isolated from WT mice as described above, and 30 ϫ 10 6 platelets were incubated at a 1:1 ratio with mCMV in PBS for 1 h at 4°C. Platelets were washed twice to remove free virus, and half of these samples were incubated with 1 mg/ml proteinase K to control for nonspecific binding. Two other controls [mCMV only (to control for virus adsorbing to the tube wall) or platelets only] were incubated and washed as per the platelet ϩ mCMV samples. PCR was performed to test for viral DNA as previously described (22), and results were calculated as the percent input virus remaining in the tube, where a tube containing the equivalent amount of virus but not washed was designated as 100%. Dilutions of this were used to demonstrate detection sensitivity. Results shown represent one of two experiments.
Role of platelets in primary infection. To test whether platelets contributed to, or perhaps controlled, viral dissemination, we used PCR to measure viral DNA in the liver, spleen, and salivary glands of infected mice at 4 days postinfection as previously described (22) . Some mice received APS or rabbit serum on the day of infection and 2 days postinfection.
Statistical analysis. All values are reported as means Ϯ SE. ANOVA with Bonferroni's post hoc test was used for statistical comparison of experimental groups.
RESULTS
Platelet depletion. Rabbit serum led to small reductions in blood platelet counts before versus 24 h after injection (14.2% and 8.0% in mCMV-ND and mCMV-HC mice, respectively). In contrast, APS depleted circulating platelets counts by 95%, from 1.597 ϫ 10 6 Ϯ 0.302 ϫ 10 6 to 0.083 ϫ 10 6 Ϯ 0.065 ϫ 10 6 platelets/ml in mCMV-ND mice and from 1.594 ϫ 10 6 Ϯ 0.212 ϫ 10 6 to 0.084 ϫ 10 6 Ϯ 0.074 ϫ 10 6 platelets/ml in mCMV-HC mice.
Cholesterol levels. As has been previously shown, maintenance of mock CMV-treated mice on HC for 6 wk led to a twoto threefold increase in plasma cholesterol levels ( Table 1) . This was similar for mice that received mCMV, chimeric mice, or mice that received rabbit serum or platelet-depleting serum.
Contribution of platelets to arteriolar vasodilation responses. Arteriolar dilation to ACh was impaired in mCMV-ND mice compared with mock-ND control mice (Fig. 1, A and B) . This was characterized by reduced maximum responsiveness of the arterioles to ACh, whereas EC 50 remained similar in both groups (mock-ND mice: 2.099 ϫ 10 Ϫ6 M and mCMV-ND mice: 1.088 ϫ 10 Ϫ6 M). A similar profile of arteriolar dysfunction was also observed in mCMV-HC mice (EC 50 : 2.344 ϫ 10 Ϫ6 M). In contrast, HC alone did not alter arteriolar responses to ACh (Fig. 1B) . Responsiveness to endotheliumindependent vasodilators, papaverine (Fig. 1C ) and sodium nitroprusside (data not shown), were comparable between groups, suggesting that vascular smooth muscle cell function was not impaired and the vessels were not significantly constricted. For experiments in Fig. 1B and subsequent figures, 10 Ϫ5 M ACh was used, because this dose was the lowest dose at which we observed both strong vasodilation in control mice and differences between arteriolar responses in uninfected and infected mice. Rabbit serum did not alter the vasodilation responses to ACh in either normocholesterolemic or hypercholesterolemic mCMV groups. Acute depletion of platelets for 24 h before the experiment failed to offer any protection against the impaired arteriolar dilation responses in mCMV-ND mice. To determine whether some protection was present in the mCMV-ND APS group but not detected because the vessels were less sensitive to ACh, dose-response curves were performed for mCMV-ND RS and APS groups, and it was found that APS did not reverse the dysfunction at any ACh dose tested (Fig. 1A) . In contrast, thrombocytopenia was associated with complete restoration of ACh-induced vasodilation in mCMV-HC mice (Fig. 1B) . When endothelium-independent arteriolar responses were tested with papaverine, there were no significant differences found between groups (Fig. 1C) . Although some groups tended to be lower than the mock-ND group, the vessels were clearly capable of better dilation than was observed with ACh in these instances in that the ratio of papaverine to ACh dilation was Ͼ2.2 in all five groups exhibiting impaired endothelium-dependent vasodilation, whereas it was Ͻ1.4 in the others. Furthermore, there were no significant differences between baseline diameters for any of the groups (Table 2) .
Anti-platelet serum Control bone marrow chimeras (WT mice that received WT bone marrow) exposed to mock-ND exhibited the expected strong arteriolar dilation responses to ACh (76.0 Ϯ 4.5% increase in diameter; Fig. 2A ). Similar to nonchimeric WT mice, mCMV infection of WT ¡ WT chimeras was associated with impaired vasodilation in mice maintained on ND or placed on HC. In contrast, when chimeras were generated such that platelets were deficient in P-selectin, significant protection was conferred against the mCMV-induced arteriolar dysfunction in normocholesterolemic mice. P-sel Ϫ/Ϫ ¡ WT chimeras were afforded similar protection against mCMV-HC-induced arteriolar dysfunction, with vasodilation responses comparable to those achieved by acute platelet depletion. P-sel Ϫ/Ϫ ¡ WT chimera responses remained slightly lower than those in their WT¡WT mock-ND counterparts. Although it was not determined if the incomplete protection was due to reduced sensitivity to ACh or a reduced maximal response in P-sel Ϫ/Ϫ ¡ WT chimeras, it can be concluded that platelet P-selectin plays a major role but is not entirely responsible for the impaired dilation responses. There were no significant differences in endothelium-independent (papaverine-induced) responses (Fig. 2B) or baseline diameters (Table 2 ) between the chimera groups.
Role of platelets in leukocyte recruitment in postcapillary venules. None of the observed alterations in venular responses described below could be explained by differences in wall shear rate (Table 2) . mCMV or HC individually did not enhance leukocyte recruitment (Fig. 3, A and B) . However, mCMV and hypercholesterolemia synergized to enhance leukocyte adhesion in postcapillary venules compared with mock-ND, mock-HC, or mCMV-ND groups (Fig. 3A) . Leukocyte emigration was also increased in mCMV-HC mice over mock-ND mice or mice exposed to either risk factor alone (Fig.  3B) . This is in line with what we have previously reported (33) . Rabbit serum did not affect leukocyte recruitment in mCMV-HC venules; however, depletion of platelets using APS significantly reduced both leukocyte adhesion and emigration toward levels observed in mock-ND controls. To determine whether platelets were mediating leukocyte adhesion by influencing leukocyte rolling, we measured leukocyte rolling flux and velocity. While not significant, there was a greater than twofold increase in leukocyte flux in WT mCMV-HC mice, and platelet depletion reduced this to levels observed in mock-ND control mice (Fig. 3C) . Rolling velocity was not altered from corresponding controls by mCMV-HC or platelet depletion (data not shown).
The elevated leukocyte adhesion and emigration induced by mCMV-HC that was seen in WT mice was similarly observed in WT ¡ WT chimeras, indicating that bone marrow transplant per se did not alter normal inflammatory responses to mCMV-HC (Fig. 4) . The absence of platelet P-selectin in P-sel Ϫ/Ϫ ¡ WT chimeras afforded only partial protection against mCMV-HC-induced leukocyte adhesion and emigration. Although rolling flux was lower in chimeric mice versus WT mice, there was a greater than twofold increase in mCMV-HC versus mock-ND WT ¡ WT chimeras (Fig. 4C ). This elevation of rolling flux was not reduced by the absence of platelet-P-selectin, which, together with the APS data, suggests that platelets may be mediating the reduction in leukocyte adhesion by reducing rolling flux through a platelet P-selectin-independent mechanism. 
Impact of mCMV versus HC on platelet recruitment in postcapillary venules.
We have previously shown that platelet adhesion in postcapillary venules is significantly elevated in mCMV-HC mice compared with either risk factor alone or with mock-ND mice (33) . To further define how each factor contributes to this synergistic thrombogenic effect of mCMV-HC, we performed experiments on platelets isolated from donor mice, which were fluorescently labeled and infused into and observed in matched or mismatched recipient mice. As expected, platelet adhesion in matched mock-HC or mCMV-ND mice was comparable to that seen in mock-ND mice that received matched platelets (matched donor-recipient experiments denoted by arrows; Fig. 5 ). However, mCMV-HC platelets infused into matched recipients exhibited significantly increased platelet adhesion. When mCMV-HC platelets were infused into recipients that had been exposed to no risk factor (mock-ND) or only one risk factor (mock-HC or mCMV-ND), no such thrombogenic phenotype was observed. Furthermore, when mock-HC platelets were infused in mCMV-HC recipient mice, platelet adhesion remained at control levels. In contrast, when mCMV-ND platelets were infused into mCMV-HC recipients, their adhesion was significantly elevated, to ϳ50% of levels seen for mCMV-HC platelets in the same recipients.
Testing of platelet-virus interactions. Although platelets express receptors, such as Toll-like receptor (TLR)2, that the virus could potentially bind, we were unable to detect viral DNA in platelet samples incubated with mCMV (Fig. 6) . In fact, levels of virus detected were similar to those in tubes not containing platelets, which represented a control for viral adsorption to the tube wall. These data suggest that platelets may not directly bind mCMV.
Platelets in the early dissemination of mCMV. Because acute depletion of platelets did not confer protection but long-term absence of platelet P-selectin was protective against arteriolar dysfunction in mCMV-ND mice, we determined whether platelets may contribute to the dissemination of the virus during primary infection, by comparing viral titers in organs from WT mice treated with rabbit serum or APS. We observed no differences between groups (data not shown).
DISCUSSION
Hypercholesterolemia is associated with a heightened activation state of platelets in humans (30, 32) . These cells, in turn, play a major role in the microvascular responses to hypercholesterolemia (38) . CMV has been implicated in atherosclerotic lesions (6, 21, 43, 44, 47) and also leads to microvascular dysfunction in a murine model (22) . This virus has recently been linked to thrombosis in humans (3, 13, 27) and can activate platelets (2) . Furthermore, the human CMV-infected endothelium becomes more adhesive to platelets (31) . However, these findings are in the setting of primary infection. In the present study, we demonstrate a role for platelets, acting through their surface receptor P-selectin, in the generation of arteriolar dysfunction during persistent mCMV infection. Our findings implicate platelets in the inflammatory phenotype observed in hypercholesterolemic animals that have been exposed to mCMV. However, unlike in hypercholesterolemic mice with no infection (38) , there remained a platelet-dependent, but platelet P-selectin-independent, component to the inflammatory response.
Arteriolar dysfunction occurs early in the response to HC [3-wk HC (39)] and represents a shift in sensitivity of the vessels to ACh rather than a blunted maximal response (38) . However, this is transient and resolves by 6 wk in uninfected mice ( Fig. 1) (33) . CMV leads to a sustained endotheliumdependent vasodilation response (18, 22) , and the addition of hypercholesterolemia slightly worsens this response in a timedependent manner (22) [albeit not at the timepoint used in the present study (33) ]. We show here that, regardless of diet, there is reduced maximal endothelium-dependent dilation but not altered sensitivity (i.e., EC 50 ) to ACh in mCMV groups. This suggests that mCMV may be acting through a different pathway than HC to induce endothelium-dependent impairment.
Based on our findings with APS, platelets do not contribute to mCMV-induced arteriolar dysfunction in normocholesterolemic mice. In contrast, when these mice were fed HC, platelets acquired an acute role in this dysfunction. A previous study (38) has shown that platelets participate in hypercholesterolemia-induced arteriolar dysfunction, and our findings suggest that mCMV may be prolonging this. Furthermore, the role for platelets shifted from decreasing EC 50 for ACh in uninfected HC mice to reducing the maximal response in mCMV-HC mice. Although human CMV has been associated with thrombocytopenia (1, 46) , platelet counts were comparable between our groups; therefore, this is unlikely to account for the disparity in the acute role for platelets between mCMV-ND and mCMV-HC mice. Instead, the difference in platelet adhesion in venules of these groups may be responsible, as there is evidence that platelets adherent in venules impair nearby arterioles (23) . However, we did not specifically address this.
We have previously demonstrated that 20-h inhibition of P-selectin restores normal arteriolar function in mCMV-ND mice (33) . Taken together with the absence of protection observed here in thrombocytopenic mice, it appears that endothelial, rather than platelet, P-selectin mediates arteriolar dysfunction induced by mCMV. Nevertheless, before dismissing a role for platelets in the mCMV-ND group, and because the platelet depletion was limited to the 24 h immediately before observation, we used P-selectin bone marrow chimeras and showed that platelets had a more chronic role in the mCMVinduced arteriolar dysfunction. Such conflicting findings between APS and P-sel Ϫ/Ϫ ¡ WT chimera groups have been previously found for other parameters and are likely due to the difference in the duration of platelet versus P-selectin deficiency (38) . We excluded a role for platelets in the dissemination of mCMV during primary infection, suggesting that this disparity was not due to an attenuation of early infection in chimeric mice. It is also possible that a switch in the underlying mechanisms of dilation responses to ACh may occur in infected mice with long-term deficiency of platelet P-selectin. However, since platelets do not adhere to the arteriolar wall in response to mCMV alone between time of infection and 11 wk postinfection, it is likely that they are acting indirectly to induce arteriolar dysfunction. For example, platelet P-selectin interactions with P-selectin glyocoprotein ligand-1 on circulating blood cells and/or leukocytes recruited to vessels in remote organs may be leading to the release of soluble factors, such as the vasoconstrictor thromboxane A 2 , that mediate dysfunction. Exactly how and when, over the 11 wk postinfection, platelets exert their effect on the vasculature remain to be elucidated.
Previously, APS or deficiency of P-selectin on platelets have been shown to attenuate the early phase of inflammation in postcapillary venules of noninfected hypercholesterolemic mice (38) . In the present study, we found that platelet depletion remained effective in protecting against the prolongation of this inflammatory response in mCMV-HC mice. However, P-selectin chimeric mice were only partially protected against the leukocyte recruitment observed in response to mCMV-HC. In light of our previous findings that treatment of mCMV-HC mice with anti-P-selectin antibody completely abrogated leukocyte adhesion and emigration responses to mCMV-HC (38) , this suggests that endothelial P-selectin is in part responsible for this and that the role of platelets in inflammatory responses in HC mice is somehow altered by the addition of mCMV, such that a platelet-dependent, but platelet P-selectin-independent, component is introduced by the virus. In a previous study (33) , we showed that P-selectin mediates a majority of leukocyte rolling in this model. Although not conclusive, our present data for leukocyte rolling in APS-treated mice and P-selectin chimeras suggest that platelets are acting at least in part by reducing leukocyte rolling flux through a pathway not involving platelet P-selectin. This indirectly supports a key role for endothelial P-selectin in leukocyte rolling in mCMV-HC mice.
Primary infection of endothelial cells by human CMV leads to enhanced platelet adhesion to these cells. In contrast, during persistent infection, platelet recruitment in postcapillary venules of mCMV-ND mice is only marginally higher than that observed in mock-ND control mice. However, in mCMV-HC mice, platelet adhesion is significantly upregulated, and this is dependent on platelet P-selectin (33) . We found a role for platelets, acting via P-selectin, in arteriolar dysfunction in both mCMV-ND and mCMV-HC mice in the present study. This suggests some level of activation, but not necessarily local recruitment, of these cells. Thus, we used mismatched plateletto-donor transfer to test whether it is likely to be HC or mCMV that exerts more influence on the platelet recruitment observed in mCMV-HC mice. Our findings suggest that mCMV causes a subtle activation or priming of platelets that is not manifested as adhesion in matched cremasteric vessels but is evident when cells are placed in the thrombogenic environment of mCMV-HC mice. Although this is in line with a role for platelet P-selectin in arteriolar dysfunction in mCMV-ND mice, the apparent low level of platelet activation in mCMV-ND mice was not sufficient to cause arteriolar dysfunction acutely (based on APS data). In contrast, based on their adhesion levels, mCMV-HC platelets appear to be more activated, and this may explain why APS was effective at reversing the arteriolar dysfunction in mCMV-HC mice. There is little known about the direct actions of CMV on platelets, although platelets express receptors, such as TLR2, that could potentially bind CMV (10) . A recent study (2) has shown that human CMV will bind directly to a small subpopulation (Ͻ2%) of platelets and that both human CMV and mCMV can upregulate platelet P-selectin expression through a TLR2-dependent mechanism. In contrast, we were unable to detect binding of the virus to isolated platelets. Whether the disparity with the human CMV study is related to virus strain, dose, or species specificity or to the sensitivity of the detection method (flow cytometry vs. PCR) is unclear. However, taken together with our inability to locate the virus in organs of these mice at 11 wk postinfection, we suggest that mCMV is acting indirectly to activate platelets during persistent infection.
Our study showed that platelets, acting via P-selectin, contribute to the arteriolar dysfunction in mCMV-ND mice. Together with our mismatched platelet experiments, this suggests that platelets in mCMV-ND mice are activated sufficiently to release substances and/or to cause the release of soluble factors from other cells that impair vasodilation. However, when HC is added to these mice, this platelet signal reaches the threshold required to cause inflammation. Although this inflammation may be an extension of what is normally a transient platelet-P-selectin-dependent process in mock-HC mice, exposure to both factors leads to the development of a platelet P-selectinindependent component also. These data add mechanistic insights into how this virus may be mediating microvascular dysfunction through a platelet-dependent mechanism. They also suggest that mCMV alters how other risk factors act via platelets to induce these responses. This could have important implications in the design of therapeutic interventions targeting platelet responses in human CMV-positive cardiovascular disease patients or perhaps a subpopulation that are particularly vulnerable to the impact of human CMV on platelets and the vasculature.
